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LONG-TERM GOALS 

Our proposed research will focus on the horizontal underwater acoustic communications (UAC). One 
important metric for evaluating UAC systems is the maximum achievable range-rate product. Building 
on co-located and/or distributed multiple transducers and hydrophones, we plan to develop rate- 
oriented and range-oriented multiple-input multiple-output (MIMO) UAC systems, as well as 
additional range/rate enhancement via the deployment of distributed transceiver units which operate in 
a cooperative manner. 

OBJECTIVES 

The need for achieving higher data rates with higher reliability in UAC leverages the use of MIMO 
schemes. Towards the high rate objective, we address two key issues, namely channel estimation and 
symbol detection. To enhance channel estimation, we propose a cyclic approach (CA) for designing 
training sequences and an iterative adaptive approach (IAA) for estimating the channel. We also 
present a minimum mean-squared error (MMSE) based symbol detector, RELAX-BLAST, which 
combines vertical Bell Labs Layered Space-Time (V-BLAST) algorithm and the cyclic principle of 
RELAX. Towards the high reliability objective, we design robust MIMO transceivers that allow for 
very low-complexity receiver processing while achieving superb error performance even in turbulent 
sea. Our unique study on the correlation between the error performance and environmental data further 
confirms the robustness of our designs. We also performed theoretical capacity analysis as well as 
practical system designs of relay-aided (RA-)UAC to augment both the reliability and transmission 
range. 

APPROACH 

1.   Enhanced Channel Estimation and Symbol Detection For High Speed MIMO-UAC 

Training Sequence Design: Consider phase coherent communications over N*M MIMO-UAC 
multipath channels. For multipath channels, training sequences with good auto- and cross-correlation 
properties are needed. Training symbols have a generic form ofxn(0

=e7,i>n<'>, where^n(0 e [0,2;r) is the 



phase of xn(t) at the n' transmitter and / = 1,2,..., P , with P being the training sequence length. Let 
X £ Cu' R~1)xA"e contain JV training sequences and their delayed versions, where R is the number of 

channel taps. Our goal is to make the Frobenius norm s =  X*X - PI     small, where I is an identity 

matrix. Let U be an arbitrary semi-unitary matrix. Then minimizing e can be formulated as: 

{fz},,(0} = argmin X-VPU*    , subject to UU*=I. (1) 
{AWj.u" ''' 

This optimization problem can be solved by a cyclic algorithm (CA) as follows: 
• Step 0: U is initialized to be [(/ +jl)/\f2,0]. 

• Step 1: With the most recent U*, the solution to (1) is 0 = arg (Zf=1Zr), where {zr}    are given. 

• Step 2: With the most recent<pn(t), the solution to (1) is given by U* = UU*, where yfpX = OrU* is 

the singular value decomposition (SVD) of yjpX. Iterate Steps 1 and 2 until the difference of the 
cost function in (1) between two successive iterations becomes lower than a predefined threshold. 

The Channel Estimation Algorithm (IAA): The second phase of channel estimation involves the design 
of the algorithm estimating the channel impulse response (CIR), denoted as h, using known (training 
or detected) symbols S, and highly contaminated measurements y. The channel estimation problem at 
each receiver has the form: y=Sh+e, where e is the additive noise. We use IAA to estimate h, and 
make no assumption on the statistics of e. Let P be a diagonal matrix with diagonal elements Pr=\hr\2, 
where hr is the r'h element of h. If the r' column of S is sr, then the IAA can be implemented as: 
• Step 0: Initialize Pr = \s^y\z/{s^s)2. 
• Step 1: With the most recent P, calculate R=SPS*. 
• Step 2: With the most recent R, update hr = s*rR~1y/s'rR~1sr, Pr = \hr\\ 
• Iterate Steps 1 and 2 until convergence. 
Sparse channel estimates can be obtained by combining IAA with the Bayesian informaiton criterion 
(BIC). Moreover, the RELAX algorithm can be used to improve the IAA with BIC estimates further. 

Symbol Detection: Following the CIR estimation, our focus is on the detection of the payload symbols. 
We use an MMSE based filter and propose the RELAX-BLAST algorithm. This algorithm first detects 
the symbol with the dominant channel taps and subtracts it from the measurements. It then estimates 
the next dominant symbol from the residue signal. The two already detected symbols are updated 
iteratively until the difference of two successive estimates becomes less than a threshold. Once these 
two symbols are subtracted from the measurements and the third strongest symbol is estimated, the 
three symbols are again updated iteratively as before. This process is repeated for all symbols. 

2.   Robust MIMO-UAC with Low-Complexity Receivers 

Under this research thrust, we study basis expansion model (BEM) based coherent and differential 
schemes and a high reliability (HR-) direct-sequence spread spectrum (DSSS) scheme tailored for low- 
complexity receivers. We also compare different BEMs in both coherent and differential schemes. 

BEM Based Schemes: In [1], [2], [3], [4], we presented a differential scheme and a coherent scheme 
with a windowed least squares (WLS) channel estimator, both based on discrete Fourier transform 
(DFT-) BEM. We generalize the schemes to accommodate general BEMs, e.g., discrete prolate 
spheroidal sequence (DPSS-) BEM. The performance difference of different BEMs in both coherent 



and differential schemes is studied. DFT-BEM has a nice property that the equally-spaced decimated 
basis matrix is scaled unitary while DPSS-BEM does not. We prove the following lemma: 

Lemma 1: Let A be a K x K full-ranked matrix with eigenvalues A(, i = 0,...,K — 1 satisfying 
Hf=o\^i l"=K. Let x be a K x 1 random vector, in which the elements are i.i.d. with finite mean and 
variance. Then, EftM-1*!!2} > EfJMI2}, where the equality holds if and only if A is a unitary matrix. 

According to Lemma 1, we know that although DPSS-BEM approximates the real UAC channel more 
accurately, the performance is degraded by the amplified model fitting bias and noise during the 
channel-BEM transform process. Therefore, there is a tradeoff between the modeling accuracy and the 
processing effect, in both BEM-based coherent and differential cases. 

HR-DSSS: In [5], we presented an HR-DSSS scheme with multiple symbols riding on circularly 
shifted versions of an m-sequence during a single sequence block. At the receiver, only simple 
matched filters are required. The system diagram is shown as Figs. 1—3 with the following details: 

• Transmitted Signals: Multiple symbols ride on shifted versions of an m-sequence. 
With sQ) the ;'th symbol during a sequence block, T the shift matrix, L + 1 the channel delay taps, 
and c the m-sequence, the transmitted signal block is x = S;=0 s(/)rJ c, where / is number of 
superimposed sequences, at mosiJmax = [Mf(L + 1)J. 

• UAC channel Propagation: Use cyclic prefix (CP) to remove inter-block interference (IBI). 
After adding CP at the transmitter and removing CP at the receiver, the equivalent channel is 

• Receiver Processing: Separate each channel tap for each symbol using simple matched filters. 
With the noise vector z, the received block is 

Then, multiplying y by a matched filter [7,-";i+1)c] , we obtain 
v(j; I) = Mh(l)s(j) - vt{ji I) + n(J; 0, 

where rj(j; I) is the noise and v{(j; V) is the self- and co-channel interference that is proved to be 
negligible in [5]. Notice here each channel tap for every symbol is readily separated for channel 
estimation and symbol demodulation. Our HR-DSSS performs coherent detection without any 
phase ambiguity, which enables arbitrary modulations (QPSK used in sea trials). 

3.   Relay Aided (RA-)UAC 

We analyze the capacity of RA-UAC. Consider a two-hop relay system with one relay and amplify- 
and-forward (AF) relaying protocol, the end-to-end capacity can be approximated at high signal-to- 
noise (SNR) as: 

C(D,a„a,) = £ toft (l + ~M^fm -«,)+/.((!-a.)D.n/.,) df' (2) 

where ap and aD are the power allocation ratio and relay location ratio. P is the total transmit power 
of the system and B is the signal bandwidwith. A(D,fi is the empirical acoustic signal attenuation 
formula and Nf is the noise power spectrum density (PSD). 



WORK COMPLETED 

In terms of high rate MIMO-UAC, we have continued to focus on the channel estimation and symbol 
detection problems. We have developed both aperiodic and periodic cyclic algorithms for designing 
training sequences with good auto- and cross-correlation properties. The aperiodic training sequences 
are needed when a guard interval is placed between the training and payload sequences. The periodic 
training sequences are useful when a cyclic prefix is used instead of the guard interval. IAA coupled 
with BIC has been used to estimate the CIR. For channel tracking, we have considered how to use a 
better initial condition for IAA to improve the computational efficiency. We have continued to use the 
MMSE based RELAX-BLAST algorithm for symbol detection and extended it to deal with coded 
payload sequences. To improve the computational efficiency, we have proposed to implement the 
RELAX-BLAST algorithm via a conjugate gradient method together with DFT. 

In terms of robust UAC with low-complexity receivers, we have established BEM-based coherent and 
differential schemes and compared different BEMs in both. We also developed an HR-DSSS scheme 
to transmit multiple symbols during a single sequence block. We have evaluated the system capacity 
of RA-UAC to reveal its benefits. Asynchronous Amplify-and-forward relaying with Precoded OFDM 
(AsAP) system is also uniquely designed for RA-UAC. 

Our proposed schemes have been tested via both simulations and field data from experiments, 
including RACE'08 and GLINT'08 conducted by the Woods Hole Oceanographic Institution (WHOI) 
and GOMEX carried out by Naval Research Lab (NRL),. 

RESULTS 

1.   High Speed MIMO-UAC 

The transmitted data packages used CA sequences with 512 symbols for training followed by QPSK 
payload symbols. The payload was divided into blocks, each of length 250 encoded with a 1/2 
convolutional encoder with constraint length of 5. Using 4 transducers and QPSK modulation, the 
resulting uncoded payload data rate is 62.5 kbps. 

The SPACE'08 data encountered rich channel conditions over the course of the experiments, which is 
evident in Fig. 4, where the dynamic variations of the average wind direction and speed are shown. 
Using the average wind speed as a reference, the channel conditions have been roughly divided into 
the "good", "bad", and "ugly" categories, with each category containing approximately one third of the 
measured data. Fig. 5 shows how the normalized CIR between a given transmitter and receiver pair 
evolves over time in an ugly channel, at the 60 m receiver on Julian date 294 and 1 km receiver on 
Julian date 300. In these plots, a single transducer continually transmits an m-sequence, while the other 
transducers are inactive. It is observed that the channel taps experience significant variations over time. 

To demonstrate the importance of optimal training for channel estimation, we consider the most 
challenging channel conditions (including those encountered by the 60 m receiver under the ugly 
channel conditions). Table I shows an example of the coded BER for the first 4 payload data blocks 
when random QPSK and CA optimized sequences of length 512 are used for training for the 60 m 
receiver. When the CA optimized sequences are used, the first payload data block gives zero BER. The 
channels used for the subsequent blocks are estimated in the decision-directed mode (partly training 
symbols, partly detected symbols from previous block(s)). Note that even the second payload data 



block has zero BER. Note also that channel tracking beyond the second payload data block is difficult 
under the challenging channel conditions. In contrast, with the random QPSK sequences used for 
training, the initial channel estimates are poor, resulting in high BER even for the first payload data 
block, making subsequent channel tracking impossible. 

Consequently, we suggest the data structure shown in Fig. 6 under the challenging channel conditions. 
For this case, the data rate is 20.7 kbps due to the frequent use of the training sequences. For benign 
channel conditions, channel tracking is possible and the number of payload data blocks following 
training can be infinite as long as the channel conditions remain the same. If coding is used, then the 
data rate is 31.25 kbps; otherwise, the data rate is 62.5 kbps. Channel tracking without coding, 
however, is only possible for 200 m receiver under good channel conditions. Table II summarizes the 
achievable data rates using our MIMO UAC designs and algorithms for the SPACE'08 experiment. 

2. Robust MIMO-UAC with Low-Complexity Receivers 

BEM-Based Schemes: We tested the robustness of our BEM-based schemes in RACE'08 at a 1000m 
distance. Our BEM-based coherent scheme achieves a remarkable 0.24% uncoded BER, shown in 
Table III, when the regular least squares estimator fails (-50% BER) during the roughest periods. The 
uncoded BER for differential schemes is shown in Table IV. Our BEM-based differential schemes 
outperform the non-BEM plain OFDM remarkably. The robustness of our scheme is further verified by 
the correlation between the BER and the sea environmental data that are shown in Figs. 7—8. Our 
BEM-based differential scheme has much smaller correlations shown in Table V, meaning more 
reliable against different sea conditions. We also observe in the tables that for the differential case, 
DFT-BEM is better than DPSS-BEM, while for the coherent case, DPSS-BEM is more preferable. 

HR-DSSS: We tested our HR-DSSS scheme in both GLINT'08 and GOMEX sea experiments. As 
shown in Table VI, the uncoded BER is very good with a single hydrophone in GLINT'08. When 4 
hydrophones are used, we get 0 bit error. In GOMEX sea experiment, our HR-DSSS achieves 2 bits 
error out of all 64800 bits with a sinlge hydrophone at a nautical mile distance. 

3. RA-UAC system 

Capacity Analysis: We compare the capacity of RA-UAC system with direct-link system in Fig. 9. The 
result reveals a prominent capacity gain of over 40%. 

AsAP System: Under underwater channel models, we simulate the performance of our AsAP relay 
systems in terms of BER, displayed in Fig. 10. The results show that our AsAP systems provide more 
reliable communication than the direct-link systems with better BER performance. Prominent diversity 
is collected through OFDM precoding. 

IMPACT/APPLICATIONS 

The natural bandwidth limitations of coherent underwater acoustic channel suggest a technical 
breakthrough. MIMO signal processing is a promising bandwidth efficient method to high data rate 
and high quality services. Building on both BEM-based and DSSS approaches, and considering both 
direct link and relay transmissions, our promising results are expected to favorably impact high-rate 
long-range MIMO-UAC designs. 



RELATED PROJECTS 

National Science Foundation (NSF) project "CAREER: Acoustic Underwater Sensor Network - Multi- 
Level Adaptations." This project focuses on the data storage and retrieval issues in underwater sensor 
networks. It is informed by the results obtained though the current ONR project. 

REFERENCES 

[1]   F. Qu and L. Yang, "Robust BEM-based differential orthogonal space-time block modulation over 

doubly-selective fading channels," IEEE Transactions on Intelligent Transportation Systems 

(submitted). 

[2] F. Qu and L. Yang, "Orthogonal space-time block-differential modulation over underwater 

acoustic channels," in Proceedings of MTS/IEEE Oceans Conference, Vancouver, Canada, 

September 29-October 4 2007, 5 pages. 

[3]   F. Qu and L. Yang, "On the estimation of doubly-selective fading channels," IEEE Transactions 

on Wireless Communications (to appear). 

[4] F. Qu and L. Yang, "On the estimation of doubly-selective fading channels," in Proceedings of 

IEEE Conference on Information Science and Systems, Princeton, March 19-21 2008, pp. 1279- 

1284. 

[5] F. Qu, L. Yang, and T. C. Yang, "High reliability direct-sequence spread spectrum for underwater 

acoustic communications," in Proceedings of MTS/IEEE Oceans Conference, Biloxi, Mississippi, 

October 26-29, 2009. 

PUBLICATIONS 

1. Rui Cao, Fengzhong Qu and Liuqing Yang, "On the Capacity and System Design of Relay-Aided 

Underwater Acoustic Communications", in Proceedings of IEEE Wireless Communications & 

Network Conference (WCNC), Sydney, Australia, April 18-21, 2010. 

2. Fengzhong Qu, Liuqing Yang, and T. C. Yang, "High reliability direct-sequence spread spectrum 

for underwater acoustic communications," in Proceedings of MTS/IEEE Oceans Conference, 

Biloxi, Mississippi, October 26-29, 2009 [in press, refereed]. 

3. Fengzhong Qu, Julie A. Cummings, and Liuqing Yang, "Opportunities and Challenges for 

Underwater Acoustic Communications," Sea Technology, July 2009 [published]. 

4. Rui Cao, and Liuqing Yang, "What affects resource optimization of cooperative networks?" in 

Proceedings of IEEE Wireless Communications & Networking Conference, Budapest, Hungary, 

April 5-8, 2009 [published, refereed]. 

5. Fengzhong Qu, and Liuqing Yang, "Rate and reliability oriented underwater acoustic 

communication schemes," 13th IEEE DSP Workshop (invited), Marco Island, FL, January 4-7, 

2009 [published]. 



6. R. Cao and L. Yang, "Optimum Resource Allocation in Distributed MIMO Systems", International 

Journal of Distributed Sensor Networks(invited), Volume 5, Issue 1, January 2009 [published]. 

7. Fengzhong Qu and Liuqing Yang, "Robust BEM-based differential orthogonal space-time block 

modulation over doubly-selective fading channels," IEEE Transactions on Intelligent 

Transportation Systems [submitted]. 

8. Woong Cho, Rui Cao, and Liuqing Yang, "Optimum resource allocation for amplify-and-forward 

relay networks with differential modulation," IEEE Transactions on Signal Processing, 2008 [in 

press, refereed]. 

9. Fengzhong Qu, and Liuqing Yang, "Basis expansion model for underwater acoustic channels?" in 

Proceedings of Oceans 2008, Quebec, Canada, September 15-18, 2008 [published, refereed]. 

10. Rui Cao, and Liuqing Yang, "Resource optimization for cooperative networks: effects of 

optimization metric, modulation format and relaying protocol," IEEE Transactions on Signal 

Processing, September 2008 [submitted]. 

11. Fengzhong Qu, and Liuqing Yang, "On the estimation of doubly-selective fading channels," IEEE 

Transaction on Communication [in press, refereed]. 

12. Woong Cho, and Liuqing Yang, "Optimum resource allocation for relay networks with differential 

modulation," IEEE Transactions on Communications, vol. 56, no. 4, pp. 531-534, April 2008 

[published, refereed]. 

13. Rui Cao, and Liuqing Yang, "Resource optimization of distributed MIMO systems," in 

Proceedings of International Symposium on Advances in Computer and Sensor Networks and 

Systems, Zhengzhou, China, April 7-10, 2008 [published]. 

14. Woong Cho, and Liuqing Yang, "Performance analysis of cooperative networks with differential 

unitary space time coding," in Proceedings of Intl. Conf. on Acoustics, Speech and Signal 

Processing, Las Vegas, NV, March 30-April 4, 2008 [published, refereed]. 

15. Fengzhong Qu, and Liuqing Yang, "On the estimation of doubly-selective fading channels," in 

Proceedings of Conference on Info. Science and Systems, the Princeton Univ., Princeton, March 

19-21 2008, pp. 17-24 [published, refereed]. 

16. Fengzhong Qu, and Liuqing Yang, "Orthogonal space-time block-differential modulation over 

underwater acoustic channels," in Proceedings of Oceans 2007, Vancouver, Canada, October 1-4, 

2007 [published, refereed]. 

17. X. Zheng, Y. Xie, J. Li, and P. Stoica, "MIMO Transmit Beamforming Under Uniform Elemental 

Power Constraint," IEEE Transactions on Signal Processing, Vol. 55, No. 11, pp. 5395-5406, 

November 2007. [published, refereed] 

18. X. Zheng, P. Stoica, J. Li, and R. Wu, "Adaptive Arrays for Broadband Communications in the 

Presence of Co-Channel Interference," IEEE Transactions on Signal Processing, Vol. 56, No. 4, pp. 

1589-1600, April 2008. [published, refereed] 

19. P. Stoica, J. Li and X. Tan, "On Spatial Power Spectrum and Signal Estimation Using the 



Pisarenko Framework," IEEE Transactions on Signal Processing, vol. 56, no. 10, pp. 5109-5119, 

Oct. 2008. [published, refereed] 

20. P. Stoica, H. He, and J. Li, "New algorithms for designing unimodular sequences with good 

correlation properties," IEEE Transactions on Signal Processing, vol. 57, no. 4, pp. 1415-1425, 

April, 2009. [published, refereed] 

21. J. Ling, T. Yardibi, X. Su, H. He, and J. Li, "Enhanced channel estimation and symbol detection 

for high speed multi-input multi-output underwater acoustic communications," Journal of the 

Acoustical Society of America, Vol. 125, pp. 3067-3078, May 2009. [published, refereed] 

22. P. Stoica, H. He, and J. Li, "On designing sequences with impulse-like periodic correlation," IEEE 

Signal Processing Letters, vol. 16, no. 8, pp. 703-706, August 2009. [published, refereed] 

23. T. Yardibi, J. Li, P. Stoica, M. Xue, and A. B. Baggeroer, "Source Localization and Sensing: A 

Nonparametric Iterative Adaptive Approach Based on Weighted Least Squares," IEEE 

Transactions on Aerospace and Electronic Systems, [in press, refereed] 

24. P. Stoica, H. He, and J. Li, "Sequence sets with optimal integrated periodic correlation level," 

IEEE Signal Processing Letters, [in press, refereed] 

25. P. Stoica, J. Li, and X. Tan, "Spatial Power Spectrum Estimation Using the Pisarenko Framework", 

Proceeding of European Signal Processing Conference (EUSIPCO-2008), Lausanne, Switzerland, 

August 25-29, 2008. [published, refereed] 

26. T. Yardibi, J. Li, and P. Stoica, "Nonparametric and Sparse Signal Representations in Array 

Processing via Iterative Adaptive Approaches," The 42nd Asilomar Conference on Signals, 

Systems, and Computers, Pacific Grove, California, October 2008. [published, refereed] 

27. J. Ling, T. Yardibi, X. Su, H. He, and J. Li, "Enhanced Channel Estimation and Symbol Detection 

for High Speed MIMO Underwater Acoustic Communications," 2009 IEEE Digital Signal 

Processing & Signal Processing Workshop (invited), Marco Island, Florida, January 4-7, 2009. 

[published] 

28. H. He, P. Stoica, and J. Li, "Unimodular sequence design for good autocorrelation properties," The 

2009 IEEE International Conference on Acoustics, Speech and Signal Processing, Taipei, Taiwan, 

ROC, April 19-24, 2009. [published, refereed] 

29. H. He, D. Vu, P. Stoica, and J. Li, "Construction of unimodular sequence sets for periodic 
correlations," The 43rd Asilomar Conference on Signals, Systems and Computers (invited), 
Pacific Grove, CA, November 2009. [in press] 

30. J. Ling, T. Yardibi, J. Li, M.L. Nordenvaad, H. He, X. Tan, and X. Su, "Training Sequence 

Synthesis and Efficient Symbol Detection in MIMO Underwater Acoustic Communications," The 

43rd Asilomar Conference on Signals, Systems and Computers (invited), Pacific Grove. 

PATENTS 

1. "MIMO transmit beamforming under uniform elemental peak power constraint", US patent, filed 
in June, 2007, serial No. 60944679. 



QPSK CA 

Tx 1 Tx 2      Tx 3 Tx 4 Txl Tx 2 Tx3 Tx4 

1st block 0.256 0.424     0.428 0.408 0 0 0 0 

2"d block 0.412 0.320     0.476 0.380 0 0 0 0 

3rd block 0.304 0.400     0.508 0.464 0.048 0.204 0.488 0.236 

4"' block 0.384 0.444     0.500 0.444 0.316 0.364 0.460 0.412 

Table I: The BERs of four pay load blocks, each containing 250 symbols, when random QPSK and 
CA optimized sequences are used for training, for the 60 m receiver under ugly channel condition. 

[graph: using the optimized sequences for training gives much lower BERs for the first two payload 
blocks than using random QPSK sequences./ 

Good Bad Ugly 
60 m 31.25 kbps 20.7 kbps 20.7 kbps 

200 m 62.5 kbps 31.25 kbps 31.25 kbps 
1 km 31.25 kbps 31.25 kbps 20.7 kbps 

Table II: SPACE'08 in a nutshell, 
[graph: achievable data rates under good, bad, and ugly channel conditions for receivers at 60 m, 

200 m, and 1 km for the SPACE'08 experiment.] 

BER Square window Blackman window 
DPSS-BEM 0.36% 0.24% 
DFT-BEM 0.71% 0.58% 

Table HI: Uncoded BERs of our BEM-based coherent schemes with windowed least squares (WLS) 
channel estimator using 12 hydrophones in RACE'08 at a 1000m distance 

[graph: 1. For the coherent case, DPSS-BEM outperforms DFT-BEM; 2. the coherent scheme 
using our WLS channel estimator with a Blcakman window achieves 0.24% BER] 

BER Number of hydrophones 
1 2 12 

DFT-BEM 0.78% 0.20% 0.12% 
DPSS-BEM 0.79% 0.22% 0.13% 



Plain OFDM 6.30% 3.30% 1.91% 

Table IV: Uncoiled BERs of the differential schemes using 1—12 hydrophones in RACE'08 at a 
1000m distance 

[graph: 1. For. the differential case, DFT-BEM outperforms DPSS-BEM; 2. Our BEM-based 
differential scheme is much better the plain OFDM one. ] 

Correlation DFT-BEM DPSS-BEM Plain OFDM 
Surface height 0.0611 -0.0570 -0.4262 

Wind speed 0.0270 0.0846 0.3295 

Table IV: Correlations between the environmental data and the uncoded BERs for the differential 
schemes using 12 hydrophones in RACE'08 at a 1000m distance 

[graph: The BEM-based differential scheme has much smaller absolute values of the correlation 
than the plain OFDM one, meaning more robustness against various sea conditions.] 

Date Range Moving speed Demodulated 
packets 

All bits Error bits Failed 
packets 

July 25 500—1500m Anchored 7 13440 0 0 
July 26 1203—1667m 0—0.9knots 16 30720 7 0 
July 27 300—2000m 0.4—0.6knots 15 28800 226 2 
July 28 500—1000m Anchored 4 7680 0 0 
July 29 500—1000m Anchored 7 13440 0 0 

Table VI: Uncoded BERfor our HR-DSSS with a single hydrophone in GLINT'08 
[graph: Our HR-DSSS has very good error performance inGLINT08 sea experiment] 
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Figure 1: Baseband transceiver diagram for the HR-DSSS scheme. 
[graph: J symbols are modulated on J shifted versions of an m-sequence during a single sequence 

block. One of them is used as pilot for channel estimation and the others as data.] 

Figure 2: The channel estimation block in Fig. 1. 
[graph: Only matched filters are required for channel estimation ./ 
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Figure 3: Thejth demodulation block in Fig. 1. 
[graph: Only matched filters are required for demodulation.] 
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Figure 4: SPACE'08 meteorological data, 
[graph: The average wind speed (m/s) and average wind direction (degrees) are shown over the 

course of the experiments.] 
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Figure 5: Normalized CIR evolution over approximately a 1 minute period. The CIRs are estimated 
using m-sequences as training sequences. The modulus of the channel taps in till are shown, (a) 60 

m receiver under the ugly channel condition on Julian date 294, and (b) 1 km receiver under the 
ugly channel condition on Julian date 300. 

[graph: under challenging channel conditions, the channels vary significantly over the 1 minute 
period, making channel tracking difficult.] 

2 Blocks Training    2 Blocks    2 Blocks    Training    2 Blocks 

Figure 6: Suggested data package structure under challenging channel conditions, 
[graph: the channel estimates obtained by each training sequence are used for 2 payload data blocks 

proceeding and succeeding it.] 
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Figure 7: Surface height above bottom in RACE'08. 
[graph: The surface height fluctuates during the experiment indicating various sea conditions./ 
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Figure 8: Wind speed in RACE'08 
[graph: The wind speed covers a large range indicating various sea conditions./ 
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Figure 9: Capacity gain of the RA-UAC system over the direct-link system with different source- 
destination distance D. 

[graph: A prominent capacity gain of over 40% is achieved for RA-UAC compared with direct-link 
system./ 

10   r 

10% 

K   10'% UJ     IK 
CD 

10% 

10' 

10 

O    Direct, Coded OFDM 
--©-- Direct, Plain OFDM 

0     R=1,AsAP 

~0— R=1 Relay, Plain OFDM 

—*— R=2, AsAP 
—K— R=2 Relay, Plain OFDM 

10 15 20 25 30 
Total transmit power/bit (dB) 

Figure 10: BER performance of the AsAP RA-UAC system with different number of relays 
compared with the direct-link system, 

[graph: Our AsAP systems outperform the direct-link systems, and OFDMprecoding collects 
prominent multipath diversity.] 


